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1. INTRODUCTION

This article will deal primarily with (he current methods available to generate organic
chemicals via fermentation from crop biomass. starch materials. agri~residues. and
agro-industrial wastes. t\ t,;ornprehensive analysis of the chan.lt.:tcrislics and :.lvailability
of agri-residues and industrial wastes is available and will be identified by other authors
contributing to this subject. Relative composition of biomass. residues. and waste ma
lerials will be identified only when necessary to define ,ubstrates for production of
specific chemicals through fermentation. Extensive studies on the utilization of animal
products and animal waste management by Loehr' cover research conducted in the
past 15 years. Overviews by Sioneker et al. 1.1 on crop rc,iducs and animal wasles de
fines the availability of these resources in the U.S. A more recent review by Detroy
and Hesseltine.lll deals mainly with both chemical and microbiological conversion of
crops and agri-residue, to useful by-products. i.e., animal feed ,upplements, biopoly
mers, single-cell protein. methane. and chemical feedstocks.

II. IDENTIFICATION AND POTENTIAL OF BIOMASS AND AGRl
RESIDUES

Increasing attention has been noted to the possibilities of utilizing photosynthetically
active plants as natural solar energy~~apturingdevices. with the subsequent conversion
of available plant energy into useful fuels or chemical feedstocks, such as alcohol and
biogas. via fermentation. Acquisition of biological raw materials for energy capture
follows Ihree main approachcs: (I) purposeful cultivmion of so-callcd cnergy crops,
(2) harvesting of natural vegetation. and (3) collection of agricultural wastes. Lewis'
has recently described the energy relationships of fuel from biomass in terms of net
cnergy production processes (Table I). Table 1 presen(s dala in terms of energy require
ments. net energy gains and losses, and land area equivalents for a number of relevant
conversion systems. Starch crops like cassava and other saccharide plants. notably
sugar cane. appear to be the most favorable in terms of energy balance. More techno
logical innovations would be required to derive a favorable cnergy balance for the
conversion of the lignocellulosic raw materials owing to the energy intensive pretreat
men( requirements to render the substrate fermentable.

Iliomass, or ellcmical energy. can serve as an energy mechanism 10 hc harvcstcd
when needed and transported to points of usage. Land availability must be carefully
evaluated in view of the potential of this energy alternative.

Since energy deficit::; arc enormous. significant sources of hinmass must he acquired.
Some 95010 of the field crops are planted for food grain,. Since the majority of the
plant residues (stalks and straw) are unused after harvest. the:ic residues are potentially
available for collection and conversion to useful energy.

The potential annual supply of U.S. cellulosic residues from domestic crops is cer~

tainly in excess of 500 million tons (dry weight). In general, cereals produce some 2 Ib
of straw per pound of grain harvested. Significant accumulation, of major crop resi
dues are. of course, confined to those areas of intensive cropping. The general distri~

bution of potentially collectible cereal straws in the U.S. is depicted in Figure l. All
crops produce collectible residues; however, the distribution of straw residues increases
the costs of utilization. These collectible residues from major and minor crops are
depicted in Tables 2 and 3. The residues produced by the majority of these crops are
left in the fields after harvest. Only with sugar cane, vegetables, fruit, and peanuts are
there significant accumulations at specific processing sites.

Since the quantity oLstru\v produced is equal to or greater than the quantity of
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FIGURE I. GI."H~Cilphh,:al ~1I.\lrIhuIlUlilif~CrCill.\lIaw, ((IU:'l, WIH:lll. lye. IIl':C. \.lUIS. anti b:u·
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Table I
ENERGY REQUIREMENTS. NET ENERGY GAINS AND

LOSSES. AND LAND AREA EQUIV ALENTS FOR A
NUMBER OF CONVERSION AND PRODUCTION SYSTEMS

Net energy

GER product

Prim:ipal subSlrale Product «(iJ/I) «i1l1) «iJ/hu/yr)

co, Ellc:rgy.:Tup_" I.Zh • 1/, .IIlIJO

Raw .~ewage Algae" 57 -.14 -K~O

Raw ,,,,wage :\I~.II:· I X ., , 1;5
Algae ~lclhaJlc· 16x -112 "1127

Livestock waste {UK.) McllHlllC '"" -XX -{UU~

SugOlr cane Ethanol ," j- .' +51

Casslivil Flhalllli 111 .1.1 -71

rimbcr Ulhanul' ZJ9 -212 -_"1',,--

Timber Ethanol" 9< -71 -16"
Straw ['h;mul Z~:! -195 -13M

The figures relate 10 current methods adopted.
The figures are eSlimatcs 01 what should be pos.~iblc:;u presenl.
Cellulose hydrolyzed 10 fl.'Tlncnlable sugars b~' fUII!,!ul cll/ymc!'>.

Fil;urc:'\ c~prc~M:u l\U hu",i~ III lund area rcquirclllcllt IU :ulllually rcplcillsh the
Quanlity l,)r woutl ~ubstr;lIeuscJ,
Cellulose hydrolyzed 10 fermenlable sugar~ by acids. Aho requirc.~ -170% man·
l10wer incrca<;e over eni'ynH.' nHlIC.

edible grain from cereal crops, its utilization is of paramount importance. Present
constraints on the ulili7.udon of ccrenl by~products induJc: new tCl.:hnology devclup
ment, residue l.:ol!cctiol1, marketability. practical ulililY of residues. and research on
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Table 2
MAJOR CROPS-CURRENT ESTIMATES

Residue (dry wt)

TOlal x 10-
Acres harvested

Commodity (X I()&} Tons/acre Minimum Maximum

Corn 65 ::-3 IJO 19S
Hay 64 J-i 1t)2 448
Soybeans 60 1-2 60 120
Wheal 60 1-2 00 120
Sorghum 16 2-3 n 48
Oats 14 1-2 14 2S
Cotton 12 1-2 12 2:4
Barle)' II J-~ II ~:.

TOlal J()2 J 19· 557'

Tot.al yields do not include hay l.:rop.

Table J
MINOR CROPS-CURRENT ESTIMATES

Residue (dry wt)

Total x l~

Acres harvested
Commodity x tl)< Tons/acre Minimum Maximum

Vegetables J.5 1-2 J.5 7.0
Fruit J.J 1 J.J J.J
Rice 2.2 1-2 2.2 4.4
Flax 1.8 1 I.R 1.8
Peanuts 1.5 1-2 1.5 J.O
Sugar beets 2.0 1-2 ::.0 4.0
Sugar cane 1.5 6-10 9.0 15.0
Rye 1.0 1-2 1.0 2.0
TOIaI 16.8 24.J .10.5

model bioconversions. Collection costS of important residue resources govern the eco
nomic feasibility of bioconversion processes for fermeOlaiion chemicals.

Mechanical equipment exists for harvesting corn refuse. silage, or hay, and call be
readily be used for the collection and hauling of plant residues to central locations for
processing. Sloneker' discusses types of harvesting operations that can be employed
to stack, bail, windrow, chop, and transport various crop residues. Time and expellsive
equipment are serious deterrents to collection of crop refuse in on-the· farm operations.
Any major increase in the use of cereal straws and other residues will require major
efforts to collect, handle, transport, and deliver at a ccntral location or plant so 1hat
they will be competitive with other raw materials for chemical production. Benefits
from mass collection of straw residue must be balanced against the consequences of
its removal from fertile crop land. Residues plowed under or left on the surface (con
servation tillage) increase {he tilth of the soil, aid in Hze sorption. and reduce soil
erosion; therefore, the impact that continuous residue removal will have on soil fert ilily
must be thoroughly examined. Refractory material that remains after bioconversion
of agro~residuesmay. if returned to the land. provide sufficient organic matter in the
soil for tilth.
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Table 4
GRAIN PROCESSING WASTE CHARACTERISTICS·

I)arumclc:r

Flow·
Biological (hygL'1I Demand IIH )l)l

Clll:ll1icul (hYI,;I,,'II UCIll;uul (COl))
SU:Or'cm.lcd ~olids

Corn wet milling
(average)

JR.:,!

7A
14.R
3.M

Corn dry milling

(average)

, '4
;.h'l

1.61

Cnrn II'l'l l1lillilllt. III pl\ldun~ <:llffl ,yrnp lH 'lilfl:h. ("11m Jr~ 1I1111ill!Z

to produce meal and fluur. ",~Icr USlll;tC limiled w washing, ICl1lpCrin~.

and cooling,
Flow == I, kkg g.rain prol:csscLJ. HOO and "'1I<;flcnuc:u '>lliith :. kg: kkg

~r;.lill Ilrlll:l"'I.'tl.

From OevclopmcOl Do",:ulllCIlI for Erfluelll Limitations GuitJl.'lincs anw -""lC\\
Source Performance SI:lIltJanb for the Grain Pml."es"ng SCgl11CIlI of the:

Cir..'" Milb POUlt Sll\ll(l,," t 'lll'~ury. CPA ~oI11/I.14·112Ha. hl\'ihllJlIIl'lllal
Prolcl:lion Ag.CllCY. Wa:-hlllgwll, D.C .. 1974.

The wet-milling prucess of ~C'rcnl grains produces ~onsiderablc: quantlllcs of grain
carbohydrate waste. The waste-liquid streams that arise as a result of steeping, corn
washing, grinding, and fractionation of corn yield cornstarch. corn syrup, gluten, and
corn steep liquor. Increased studies are necessary on the bioL:ol1vcrsion of these nega
tive value ~arbohy<.Jratc wastes into alcohol. CJ and C~ chemicals. anti methane. as
well as on economical pretreatment of the industrial waste being produced. A summary
of waste characteristics from grain processing is depicted in Table 4. No process wastc
wal~r' ar~ Ilroou~~o by Ih~ milling of wheal ano ricc grains. lluwever, Ihe bran from
these two cereals cOOlains 5 to 10% oil and is rich in certain f3 vitamins and amino
acids.

A major potential rcsoun;c of the immense animal inuustry in the U.S. b the annual
generation of ovcr 2 billion tons of wastc. Recent changes in {he fertilizer and animal
feeding industries have resulted in thc accumulation of animal Wastes into localized
are3S. This IOl;Uli7.ntion has produced air anu water pollution problel11~. Tcdmological
changes in large~volume cattle feeding have created a scriou!'o need for /leW waste tech
nology, either through cost reductions in handling to eliminate poilu lion hazards or
some type of bioconversion process 10 useful fuels or l:hcmkal fccdstol:ks.

The utilization of animal wastes, other than land usage, as a waSle management
alternative has proceeded in two main areas: biological and thermochemical. Major
experimentation has involved melhane formarion, single-cell protcin production, and
microbial fermcl1lation and rcfccding. Animal wastes are exccllent nutrient sources for
microbial development. Major constituents are organic nitrogen (14 to 3011/0 protein).
carbohydrate (30 to 50"'., essentially all cellulose and hemicelluloso), lignin (51012"'.),
and inorganic sa its (1010 Z5%),

In most biological processes. mi<.:roorganisms consume nutrients present in the
wastes to increase their own biomass and. through substrate utilization, release various
gases and other simple ,arbohyorate malerials, There arc mninly tWO classes of biolog
ical processes: biogas (or an anaerobic fermentation) and biochemical hydrolysis. The
biochemical processes produce primarily protein, sugar, and alcohol. whereas the an
aerobic fermentation Inkes plnce under an oxygen-deficient environment 10 proouce
methane,

All of these processes have been successfully demonstrated for livestock manure. 6
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I
Thermochemical

Hydrocarbonization

Pyrolysis

1+,\
Char Oil Gas

Animal Waste
I

I
Biological

1
Hydrogasification

t
Gas

Hydrogenation
t ,

Solid Oil

/'I(jURE 1, Procc~~ ::lltcrn~tl\"es (or lhc gcncn,uion (If filch from animal W;)!>IC,

Table 5
MANURE PRODUCTION IN

THE UNITED STATES'

Ory m~.surc Percenl of
AnimaJ' )( l()6t total

Cattle 210 RJ.l
Swine 25 9.7

Horses t4 5A
Poultry 6.2 ~A

Sheep .1.1 L~

All 25K.)' 100

Wet weighl = I.S x 10' 1 af 16.1 ato
dry m::lller.

The various biological and chemical processes alternatives for the generation of re
newal fuels and cbemicals from animal manure is dcpicled in Figure 2. Total produc
tion of manure in the U.S. according to classes of animals and relative concentrations
to tbe total, is shown in Table 5.•. ,

The utilization of sugar cane bagasse must be considered on a counrry-by-country
basis. Bagasse is thc fibrous rcsiduc obtaincd a(tcr thc cxtraction by crushing of sugar
cane stalks. This roUer-mill process removes 950/0 of the sucrose, producing a residue
that contains some 500/0 moisture and consists of 150/0 lignin and 75% ccUlllnsc..<\n
nual world I'rocluction of bagassc is grcatcr lhall 100 million Ions. Bagassc has hccn
used mainly as a fuel in sugar cane factories, for production of pulp and paper, and
for structural materials. Extensive research has been conducted in the r>ust few years
on bagasse as a cellulosic raw mUlerial for single-cell protein production. 10, II Cellulosic
wastes, such as bagasse. have aJso received considerable attention as resource material
for chemical processes and energy conversions ( ..muerohic fcrmcntution Lo rnellwflc or
cthallol).

The largest wastes from dairy food plants arc whey from cheese production and
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Tnble 6
RAW WASTE LOADS' FOR THE FRUIT AND

VEGETABLE PROCESSING INDUSTRY

Category

Fruit

Apple prll\;c~sing

Apple prtldll1:1S,

except juice
Citrus,

all products
Olives
Pickles.

fresh p:l!:kcu

rumutoc~

Peeled
produl;u

Vcgclubh:!'>

Asparagus
Beets
( "ilrrll!:'>

L'orn
Canned
Frozen

t linn h~'all"

Pca~

Canned
Frozen

Whit.; 1l\llaIOc~

Huw UUll Total suspended
(gal/ton) (lb/ton) (Ib/ton solids)

6'1() 4.1 0.6
1•.:!90 12.K 1.6

~.420 6.4 2.6

'1,I6U g7 15

2.050 19 4

2.150 8 I:
1,1 )0 ) 5

16.530 4 . .:! 6.~

1.210 )9,4 ".9
2,1)1 II 1IJ .11 ~.1

1,070 28.8 13.4
3.190 .tOA 11.1

10.510 ~7.~ ~11.7

4.nO 44.2 IO.g
J,4RO J6.6 9."
1,')1}0 54.6 74.S

fhe raw waste load is in terms of the quanlity of wa.~teW:lIcr

parameter £'ler Illn ,If raw m'llcrial proccs.'icd fnr frUlI~ and
\·c~clabk:-. Haw W;ISle l";ll..h an: Illose ~cllcr;:llcd I'rtIl1ll.::luninJ:l.
pfncc.\sing.

pasteurizution water. A pound of l:h~t:se produces 5 to 10 Ib of fluid \vhcy with a
biological oxygen demand (BOD) of 32 to 60 gil. depending upon Ihe rrocess. Whey
is an excellent nutrient source for mkrobe development, containing 5% lactose. 100o
protein, 0,3'70 fat, and 0.6% ash.

Processing plant wastes for Jiffcrcl1t fruits and veg.etables vary in t.:haracter and
quantity. The effluents consist primarily of carbohydrutL's, starches and ;;ugars. pec
tins. vitamins, and plant cell-wall rC:'Iidues. One must considcr ho\v the various proc~

essing npcratillns affect availability anu IYI'C uf residues. Table 6 uopiets some Iypical
fruit and vegetable residues and charactcristics based upon the quantity of material
processed or quantity of material produccd. Supply problems. due to various geo·
grnphkalloL'Hlions and Sl'asons. hindt.'1" lar~L··,(alc IItilil.alioli of thc.\c residucs (or rCI"~

mentation purposes. Wasle·waters and pcels from potato processing also serve as an
excellent starch source. but seasonal production hinders utilization of residut.:s. The
most promising end uses for potat<)L's in\'nl\'~ n.'t.:nvcry of 'itardl for ..:allh.: fccuillg and
for prodw.:tion or sugar. single-cell protein, and biogas.

The enormous amounts of spoiled. damaged, and culled fruils and vegclahlc!'i are
excellent sources of carbohydratc material. These matcri,i1s lypically arc t-!ood sub
strate:) for the growth of many fungi. cSl1ccially on acid fruits. Howt.:\'cr. a real problem
exists in that these materials are seasonal, so that a microbial process t.:~Innot be run
the year around bccause large amounts are availnolc only at certOlin limes.
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FI(jURE J. The stfUt.::lurc 01' ligllill.

III. COMPOSITION OF AGRI-('OMr>.100ITIF.S

The major components in agricultural residues are the structural cell-wall polysac
charides. primarily cellulose and hemicellulose. The laltcr two arc the mosl plcnliful
renewable resource prutluced by most green plants. TIH':sc carbuhydrates constitule ..1.5
10 70"70 of Ihe weight of a dried plant. varying according to age and maturilY of plant
at harvest. Pure cellulose. such as cotton fiber, is rarely found in nature. but rather in
combination with other polymcrs such as lignin. pcctill. anu hell1iccllulosc. Lignin
comprises from 3 to ISOJo of the dried plant residue. This material is the structural
glue that binds filaments of cellulose into fibers for ~cll inregrity and rigidity. Lignin
is found in all fibrous plants. and generally increases wilh age of the plant. Ccllulosc
increases in aging fibrous plants with a decrease in soluble sugars and an increase in
lignin. Lignin is a three-dimensional polymer formed by the condensation of cinnamyl
alcohol monomers depicted in Figure 3. All possihle comhinalions of the einnamyl
radicals can occur, resulting in various types of bonding. The exact linkage and struc~

ture of the lignin-cellulose complex is of considerable debate. There is considerable
inlermoleeular bonding between the uronie acids of hemicellulose and lignin phenolic
g.roups. Lignin apparcntly forms a three-dimensional net around the I.:cllulosc fibers.
I t is in this fashion that the complex cellulose is rendered unavailable to subsequent
enzyme degradation. It is also in this complex area of lignin-cellulose interaction where
the ultimate ulililY of agro-resiuucs has ils fUlure. Chemical anuior biological modifi
cation of this lignocellulosic complex would result in increased digestibility of the agro
residue, increased hydrolysis rates, and saccharification. Continued research in the
area of ulilizing lignocellulosics is of paramounl importance lo the future of thcse
negative value carbohydrate wastes. Table 7 depicts [he relative composition of some
important U.S. agro-residues.



Table 7
COMPOSITION OF AGRICULTURAL RESIDUES

Carbohydrate (~.)

Lignin Protein
Plant residue Arabinose Xylose Mannosc Galaclose Glucose Talal Cellulose (01.) ('/.)

CUfl!sI21ks 1.9 Il.l 0.6 1.1 37.1 ~6.8 29.3 3.1 II
Flax lluaw 2.1 10.6 I.l 2.2 34.1 10.9 34.1 - 7.2
KenaI !>Ialks I.l 12.8 1.6 Il 41.4 l8.6 41.9 11.3 4.6
Stlybcan straw 0.7 13. J 1.1 1.2 43,7 6lJ.6 41.4 -- l.l
SUlIflo\O>cr slalk~ 14 19 I.ll I),ns J9.4 43.8 .15.1 - 2.1

Sweet clover ha~' 3.2 1.2 1.2 1.1 31.1 44.4 29.8 - 24.7

Wheal ~lraw 6.2 2\.0 II. ) 0.6 41.1 69.2 "u),U 13.6 J.6
('aule '" aSIt:' IU8 0,77 0.73 0.97 24.4 27.2 16.4 6.l 10.1
Swine .... asle 04J U.li) 0.98 1.27 25.5 ::?tJ.tl 16.6 1.6 Il.1

~
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IV. TECHNOLOGIES FOR UTILlZi\ TION OF RESIDUES

Residue utilization must be considered with ofHimbm Jue !O Ih~ large quantilil:s nr
wastes and by~products available. the nceLl to bettef ulilize existing resources. nnd the
successful processes that have been attained. Successful residue utilization must include
the following changes in approach:

1. Residues as resources. not wastes
2. Incentives to change philosophy
3. Evaluation of socioeconomic aspects
4. Use of appropriate tcchnology
5. llcncficial usc
6. Proper market
7. Better usage of raw materials

Promising technologies are nceded For the utilization of agricultural and agro*indus~

trial residues. Some of the most promising and succe"ful technological processcs for
thc utilization of agrn-waSlcs arC dcscribcd in Tablc H.

V. CHEMICALS FROM CARBOHYDRATE RAW MATERIALS

Recent progressive increases in the cost of crutlc oil have rC!'iultcti in l.:ul1sidcrabll:
attention being focused upon fermentation technology. The major production of in·
dustrial alcohol and of C, and C. chemicals is derived from fossil fuels. Alternativc
process routes for the production of organic chcmkuls invulvc fermentation pril)mrily
tbrough bioconversion of carbohydrate raw materials to chemicals. Tong" has recently
described fermentation routes for the production of C, and C. chemicals from spccific
available raw materials.

The major organic chemicals that are produced from carbohydrate raw matcrials by
microbial fermentation are identified in Table 9. Tbe main carbohydrale sourccs for
fermentation as follows:

I. Starch grains from corn, wheat. barley, and other ccreals
2. Sucrose from beet, cane. and sorghum
3. By-product materials from processing. Le .. fruit and vegetable wastes. starch

streams from milling grains. callie feedlot waslc. dairy whey, molasses. and dis
tiller grain

The various chemicals produced via fermentation will be discussed individually in
terms of yield. substrate resource, and fUlure opportunities as alternative resource and
fccdstock chcmicals.

VI. CONVERSION OF BIOMASS TO SUGAR

As mentioned previously. the bioconversion of plam biomass to fermentation chern·
icals depends upon the basic structural composition and i,"egrily of lignoccllulose.
Most lignocellulosic plant materials require some preliminary biological and/or chem
ical pretreatment before a direct fermentation to ethanol or other chemica: .... can be
invcstigatcd. In gcncral. beforc a microbial fcrmcntation can bc contcmplatcd, thc
plant polymers. whether lignocellulosics. hemicellulose. or slarch, must be hydrolyzcd
to simple sugars for utilization.



Table 8
TECHNOLOGIES AVAILABLE FOR UTILIZATION OF AGRO·INDUSTRIAL AND

AGRICULTURAL WASTES

Operational·

Residue substrate

Animal Wallie

PrOl:en

Mkrnhial

Product

CB •. fced ~upplcmcnl

AdvaOlagcs

Cheap resource,
produi.:c1i energy,

available. reduce
pullutiulJ

Disadvantages

fligh inilial iuvesl
men!

Anilllal \\'a~IC \tkrotllill LJIllc rdeeding,
,inglc·,cll prntdn

~ugill cane ba1!il~'c Mh.:rnhial ~Iflgh:·,cll f'tIIlcin

Dairy whe}' ~Ij~'robjal Siullle·ccll protein, al·
cohnl

Ct:rcal prOl;cSS wa~lc Microbial Single-cell prolein

CeliultlSlc pulps enzymatic (~c· Sugar
chariCkalionl

Ilc01kcliulusk:. Enlymalic Xylmc
I,ylam)

Swn:h Wil!>tc Mkroblul Akohnl
Wuod pilip 'iullilc ~ti';lObtal Sangk·cdl'lfClI<:in
liqUllJ

hems lish:d Ull ha~is of ccollumk\. ,J~ ailabilil~. pniluliilll, anti !>OUh:C.

Surplu!> iH ailabilil).
ll:dlllOlogy ilVilil·

ahle
Rcc.Jucc flolhuion.
~urplu~ availabilicy

Reduce 000 and
COl)

Cheap rc::.uun:c
Surplu~ u\ uilahililY

High !oall COflltlll.
uansporlulioll

hpcmivc

IV

'"
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Table 9
CHEMICALS FROM FERMENTATION PROCESSES

Chemicals

Elhanol

n.Oulanol

2.J-Bulylcnc glycol

Glycerol

Acetic acid

I\celOnc

Isopropanol

Fumaric ill'icJ

Succinic acid

Citric add

Lactic acid

Propionic acid

Malic acid

Melhnnlll

Structure

CH,CH,OH

CH,CH,CH,CH,OH

OH OH
I I

CH, CH-CH-CH,

CH,OH
I

IIC-OII
I
CH,OH

CII, cooII

°,
II, C-C-CII,

OH
I

CII, CIICII,

COOII
I

CH,
CH
I
eooH

eH,eoOH
I
eH,cooH

eooH
I

CIl1
I

1I0-C-COOII
I

CH,
I

eooH

eH,
I

HC-OH
I

COOH

CH,eH,eooH

eooH
I

1I0-CH
I

ell
I '
eOOH

rll,OII

Produced by

Clostrtdium .1f,:ctobutylicllm

Spedc:> of Acroo.,,,'tcrand
bacilli

('1I1\triti'UrJl rhr:rll/tl",,·r.:t;cIlIII
Acc:tobal..·r,,'r .~pccics

C/'h'tri,li"," ;,n'fll/J"t,\'lil,."''''

Species ~lf Clp...,ridiumand

hal,.'llIi

Spcl,.'ics uf R/lIl:il/'II't amlmu
cor

Species of mucor, Rhizopus,
rus;Jrium

fhf'C'ntiJlm IlIlu:r, ( ':wdi,111 Ii
pO(l'li"'<J

Species of Rhjzopus and mu
eM, l:ll:tnhacilli

Spec.lc.:> of pronrionibaclcr
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Lignin anti I.:cllulu~c I.:ry.slallinity arc lhe two major delerrents to lhe crrcctivc utili
zation of lignucellulosic rc:')il1ucs for ~hcl1lil.:al. enzymatic. and l1lic.:robil)logic.:al t.:ol1\'cr~

sian processes to available sugars. The lignin polymer seven:ly reslricls enzymatic anLl

micruhial :.u.:t.:c$s tu cellulose. rvlilkt alld c.:u-workcrs 11 have publi~hctlll\OSI (ull1prchcn~

sivc reviews on specific I1hysical-chcmical pretreatments for enhancing c.:t:llulosc .sac.:~

charification. These pretreatment steps ar~ applicublc to a wide variety of lignocellu
losic materials that can he uclignifictl 10 varying cxtCIllS depenuing upon the Iype nf
pretreatment methods. Ladisch and co-workers'" have recently Jcscribcd an organic
solvent pretreatment process of cellulosic residues. followed by a cellulase hydrolysis
step, to yield Quantitative saccharifkulion of (he a·cellulosc [0 simple sugars. The proc·
ess yields 90 to 97"10 wnvcrsion of the cellulose of agri-residues to glucose. Successful
application of this type of saccharification technology opens up new horizons to the
utilization of biomass as a source of fuels, chemicals, and food.

The other type of pretreatment stcp of lignot.:cllulosics cCllIcrs around biological
deligniricalion. Kirk I~ ha.s published a most l..:omprchcnsivc rC\fir.:\\' on microorganisms
that dfect biological lignin degradation. More recent work on the physioiogical role
whitc·rlll fungi play in dcgratl'llioll of Iigllins draws :tttClllioll to the sYlllhesis or He·
labeled lignins and lignocelluloses as spccifk subsrrulcs for microorganisms. Crawford
et al. 16

.
11 and Kirk et ai. III discuss rel.;cnt work on the dcgradat ion of labeled lignins

and lignocelluloses by fungi and al.:"lilllHllyL:"L·!l.'S 10 I~COI' These Icchniqlll.'s will bCl:omc
invaluable to rhe study of biodelignifil.::ation and the role mil.::robes may play in modi~

fying lignocellulosics for sub::iequent saccharification.

VII. FERMENTATION CHEt\IICALS: ANAEROBIC AND AEROBIC

The anaerobic products of microhial l11ctaholism L:"onsist of varitHIS or~ank .'\nlvent.'i,

Le•• ~1l.:Ctlll1e. cthanul. a-butanul, anJ iSllprUpal1oJ. Fcrmclltatiolls do ltOl rcquire acr-.
alion. and product recovery is act.:omplishcu through convcntionul Jistillation recovcry
methods. Fermentation processes to produt.:e these chcmit.:als urt: nOI dependent upon
pure carbuhydrate n:SlHlfL:"CS, hut L'al1l1lilil.c allY Iype of PCIll<hC al1tL'llr hexose streum
generated from biomass feedstocks.

Fumaric acid, gJycerol. and 2.3 blIlylene glycol reprcsclH Ihc main -.:hemicals of acro~

bie reflllentation. Tong,lJ in a recent review, ui~cusse~ the prouut:riol1 llf various C l

and CoO chemicals and th~ t:urrclH encrgy costS t)f rroeluL"lion via ft.:rmcn1ation. The
aerobic processes are energy~intensive ant.! require L:"onling. aeration, :Inel agiw,tion
since these processes nrc highly exmllcrmic due 10 L"arhohydratc oxiJarioll. A compar~

ison of attained vs. theoretical weight yields on dextrose for the rermcnration prouucts
mentioned is depicted in Table 10. The major process useu cxdusivdy before 1950 was
the acetone, Jrbutanol, and ethanol fermcmudon. Somc improvemctl! has bcen shown
in lhis process. Howcver. rermentatioll~dcrivcu solvents arc preselltly only a minor
faCLOf in North America. although significant quantities arc being prouu..:cd in coun~

tries such as South Africa. where inexpensive fermemntion resources arc available.
In 1976. the total U.S. production of ninc C, and C~ chemicals. including ethanul,

was near 4 million tons. Only 2070 of rhese chemicals is presently derivcd vb fermen
tation. Only butanol. accrone, fumaric acid. and ethanol are t:urrcntly proulII.:ed from
hoth pctrolcum and c~lrhl1hydratc fced~t()L"k5. The estimateu pcn:cnwg.c of llrganit.'
chemicals produced by fermemalion i!'l depicted in Table II.

Tong ll indicates that in 1974 the percentage of fcrmelllation~t.lcri\'cd inuu!'Itrial al
t:ohol was approxinHllcly 10070; hl)\VevL·r. this had inl."reased to JDulo by 1976. Thb itl~

creased industrial grain alcohol prouuction comes largely from inlcgrat~d grain milling
plants where parable and industrial ethanol is produced among other corn proulIct!'l.
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Table 10
COMPARISON OF ATTAINED VS. THEORETICAL

WEIGHT YIELDS ON DEXTROSE

07. Weight
conversion

yich! TllC'urclit.:1I1
attained by yield '70 Conversion

Fermentation products fermentation (stoichiometry) c:rriciency. 0/.

Anacrobk prut:C'SSCS
Ethanol 46 51.1 90
,....Outanol. Hit ace- 29-35 J9.S 5R-70
1001:. ethanol

2.3 lJutylclIC' glycol .5 .~ll "',
Aerobic processes

Glycerol .3 76.6 56
Furnarit: acid 64 64 IUU

Modified from Tong, G. E•• Chern. ElJll. Prog.. 74. iO, J'l7R. Wirh perm I.'"

sian.

Table I I
CURRENT STATUS OF C, AND C. CHEMICALS

PRODUCTION

Butadil:ne
AcelOne
l.mprul'lIllul
~Buta"ol

Methyl ethyl ketone
Glycerol
Maleic unllytJritJe
Fumaric aeid
2,3 RUlylene slyeol
ElhanollOlul

U.S. J976 production
(million kg)

1475
H71
7}i1l

247

:!J7
157

11 11
24

0/0 Produced by
(cTll1enlutiun

·0

5

"10
o
o

"15

30

Assuming a 34070 average weight conversion of carbohydrate to chemicals,ll the 4 mjl~

lion Ions of C, and C. chemicalS can be produccd from 12 million Ions of starch or
other fermentable sugar. The availability of agri-raw materials is not a major problem
limiting progress toward fermentation-derived chemicals. This feedstock requirement
may be met by expanding the annual cereal grain and sugar crop production by less
than 10"70. augmented by fermentable sugars in molasses and dairy whey, 0.8 and O.J
million tons/year, respectively,

A. Ethanol
In view of continuously rising petroleum costs and dependence upon fossil fuel re~

sources in North America, considerable attenlion has been focused upon alternative
energy resources. Primary consideration involvcs rhe produclion of ethyl alcohol from
renewable resources and determination of the economic and technical feasibiliry of
using alcohol as an automotive fuel blended wirh gasoline. Special emphasis has been
directed roward Fermentation of surplus grains, agricultural residues, and foresl waste
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materials as resources for prouuction l)[ alcohol and other ~hcmicah. Silll:C Ih~ major
production of industrial ~Ikohol is derived synrhctically frol1l ethylene. u major lct:h
nologkul breakthrough is required to make {he fermentation prOl.:l:SS ~oll1pL'[irive with
that from ethylene.

The ability to produce ('thanol from gllH.:ose is widely distribufed among dirrcn:nt
l1licroorguni..,m.s; ho\vcvcr, the yields vary considerably from almosl 2 mul uf ethanol
per mol glucose fermented, characteristic of yeast, to much smaller amounts produced
by numerous bacteria. IY These variations arc uuributablc to the operation of fouf dif·
rerellt metabolic routes of ethanol formation, three of which involve pyru\ ie acid as
an obligatory intermediate. Pyruvic acid may be produced from glucose by different
metabolic sequences. such as. Embden-Meyerhof glycolysis or Enrner-Doudoroff
cleavage with subsequent conversion It,) a C 1 unil via decarboxylation to acetaldehyde.
or may be a thioclastic reaction to acetyl coenzyme A. Reduction of eith~r C l unit
yields ethanol.

J. TypeJ. Glycolysis

t:!:) p)'tUVJtl:

The Type I pathway of microbial metabolism of glucose via pyruva,e and acetalde
hyde leads to essenrially quantiullive 1.:Dllvasioll of glucose 10 ,-'thanul i.llH.ll.:arbol1 tliux~

ide. The yeasts are best known for utilizing [his pathway, ahhough bUl:lcria are known
[hat possess a yeast·like pathway and ferment glucose almost quantitatively to ethanol.

2. Typ(.· /I. Thiodn.stic RI.'uc..'ciulJ

11) pyruvate

NAOII~ NADti.
(2) acetyl ellA ) ;ll.:e-IJldchyue ') ~·thannl

•
CoASH

The Clostridia and Encerob;:u:u:riacl..':u: dcave pyruvate to aeelyl CoA with subse
quent reduction to acetaldehyde ant.! ethanol. For quantitative ~onvcrsion of glucose
to ethanol. HI production must be suppressed to provide (he reducing power t:sscntial
for ethanol production.

3. Type 1/1. Enlner-Dotldoroff Pal/muy

ATP NAD
(I) gluc.:osc.--.,. G-6-P -----+ glul;onalc-6-?

pylu,,"" , 2-oxu-3- )
+ dt:ll\:yglUt:onule-6-P

glyc~rJ.ldt:hYuc-J - P

pyrUv;llc)

(}) pyruvalc ---.;. Cth;Wlll
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Zymomonas species give similar fermentatilln baJant.:t: [0 yeaSl, but cthnnol dcrive~

from C-2. C-J. C-5. and C-6 of glucose with only one half the energy yield.

4. T.."'pc IV. Hctero!actic Fermentation

glucosc ----+) cthanol + lat.:til; JCld + ('O~

Hcterolnctic microorgnni~ms arc capable of glucose fermcntation to IUl.:tatl: and
ethanol via xylulose 5-PO•• which is subsequently eleaved to yield acetyl PO. and
glyceraldehyde J- PO•. The latter is converted to pyruvate with subsequent rcduction
to lactic acid. The acetyl PO. is reduced to ethanol. utilizing the reducing power gen
erated from the glucose to xylulose 5-PO. conversion.

Conversion of glucose to ethanol by yeast fermentation is well understood in terms
of technology and product yield. In defining new possibilities of increasing productiv
ity anu rcuucing tlistiUalion costs, very few arca~ t::dst in the convcntional'methods of
molasses and starch grains to alcohol. Opportunities exist in strain selection of floc
culent yeasts that are tolerant to high sugar concentrations and ferment quickly tn
around 12"7. vlv ethanol. The current world production of distilled fermentation al
cohol from various substrates is approximately 2.5 million tons/year. It is only in
highly industrialized countries that synthetic alcohol from ethylene exists competi
tively. Trevelyan'· reported the reverse situation in India where fermentation akohl>1
is used to produce ethylene. The utility of alcohol as a fuel source begins to reflect
various economic factors differently as biomass crops for energy production arc taken
under consideration.

Ethanol production from plant biomass is being slutlicc.f I:xlcnsivcly by various rc
search laboratories throughout the world. BellamyH and Brooks et al.. 11 at General
Electric Company. have pursued the production tlf botb single-cell protein (SCP) and
alcohol from agricultural wastes by utilizing variuus biological conversion processes.
The processl.l involves a steam pretreatment to partially delignify wood and enhance
cellulose accessibility to microbial utilization. Clostridium tlICrmoceJIum is utilized 10

ferment the cellulo,e directly to ethanol and acetic acid. Research has alstl been C<ln
ducted upon thermophilic bacteria that produce ethanol from xylose. Mixed culture
fermentation of cellulose to ethanol with thermophilic microorganisms has been eval
uated by the General Eleelrie group.

Wang and co·workersU
.

l
" (M.I.T.) continue to invesligate the cellulolytic activity of

mutants of C. thermocelJum capable of alcohol tolerance to 5°'0 v,'v. These organism~

generate after 75 hr growth upon cellulose (10 gil) some J gl' redncing sllg;m and 2
g/ I elhanoL C. llJcrmOt:c:lIullI grown on corn cub granules consumes from Mto 66 lJ!o

of the substrate and produces reducing sugars from I.JH to 2.95 mg/ml.
Research for the past 30 years has mainly conl.:crnct! the hau.:hwisc prndtH:linn of

alcohol. However, in recenl years consiucrublc work has evolvcd. around continuous
Fermentation methods. Rosenl5 has recently described various continuous fcrmen[a~

lions with starchy material or molasses as substrates. The residence times for c..:ontinu
nus molasses fermcntatiuns arc between 7.5 anti 13 Itr. By w.. il1g c..:lll\lillUOU~ llIClhoJ~.

the conversion is increased and the cubic capacity of fermentor .... essels is rcdul:\:d. hut
also the instrumentation is simplified.

The larg.e incrcusc!'i in auele oil prices in IY7J have stimulated various n:scarch proj~

eelS for the discovery of new energy sources. The nation of Orazil hus developed ako·
hoi processes that utilize numerous raw materials that are plentiful in various regions
of the country, i.e .• cassava roots, nulm trcc!';. amI sugar >:;1Ilt:". The babassl1 I.:O~OIl!It

(2JITJo starch). produced at a ratc of 210 million ton~. l:an be 1I1i1izctl 10 produce a wide



35

variety of products. induJing (han.:oal, oil, and alcohol. COllsiLlcring only the yield
of ~thanol. theoretically anOlil H hillion i l)f eth::tnol could /.1..: rrndtH:cd YC~lrly from
the babas5u crop in Brazil. ThIS i~ <llmOsl twice the cxpcc.:tcd prndllt.:tion \)f clhanol in

that country, which is ~slifllatcd at 4.3 billion t by 1980. 1
1\0

Carioca and Scares. H cxp~rill1enting with babassu flour (cof1[aining aprroxima[~ly

60070 pure starch) as a biomass rcsoun,:c, carried out an akllholit.: fCfl1lClIl<llhlll. The
starch I1w.lcrial wa.s gelatinized at;)O tll H5°C with subsequent addition of a heat stable
a-amylase. Complete saccharification was enhanced by glucoamylasc treatment for 40
hr at room temperature. After Ihis hydrolysis procedure, the stl!!ar comenl measurcd
9.l u/o, lhen pressed yca~a am,] yeast extract nutrients were added. Fcrmcnlution was
conducted at 28 to 30°C for 42 hr. wi,h subsequent distilla,ion of the mash and redis·
tillation of the initial ethanol product. The yield was 90 ml of 92"7. purity substance
frolll 2S0 ~ crude bab'",u rlpur in I 1 dis,illcd 1-1,0. Uuscd upon yiclds from 60"T.
starch babassu flour (I kg). the ,heorc,ical yield if all starch were fermented to alcohol.
would be 568 g ethanol. a relative yi~ld of 76U10 in their f.ermcntalion process.

The l:aSSlIva pin III h~ls cOlllmandl.'d l.'onsidcrahlc uucnliol1 rCl::clllly in Urazil as a
starch resource for fermenta,ion." Cassava. also known as manioc or ,apioca. is char·
acteristically cultivated in many tropical regions of the world for the production of
food or animal feed. Cassava, con[ainin~ 20 10 35% ~larch and I 10 2.t'!o rrolcin in il.\
roul.s, i~ one uf thc most cffidclH phutosynthesizing plants known. The average crop
production in Brazil is [3 tons of roots per hel.:tare. This crop provides a most inexpen·
sive source of starch th;;:u is not fully cxploitcd technically for thc produclion of starch
products. possibly due to a lack of mcdw.nizalion in its cultivation and perishability
of its roolS. The Brazilian Alcobol Program. established in 1975. seeks '0 utilize 2007.
ethyl alcohol in gasoline by 1980. To anuin this objective. 4..1 billi\", I of absolute
alcohol nced to be f1fOUU\,.'t.'u annually by thm timc. Linucman and RtH.:chiccioli JII have
discussed in detail the massive plans of lhe Brazilian govern men I to rroduce cthanol
from sugar cane into 1981. Productivity factors are evaluHlcd with rcfcrem:e [0 re
sources, produl.:lion, anti I..:UIl~ul11p(illl1. In JI)7R, a new cassava ah.:ohol plant began
operations' in Brazil with a daily output ()f 60,000 I of absolutc alcohol. The feasibility
of alcohol production from st;;uch llHllcrials to compete with ~lJ!!ar t:anc will Jcpend
princ.... ipally Bron optimi7.~llinll of Ihe liquefaction anti .\i.tccharificllion \ICPS of nWl1u·
facturc. These stcps are not a requirement for fermentation of c:Jne juicc.

Although cassava star~h i~ re;ltJily \u,,\"'qHihlc to a·umylase. the sli.lrch gr;Jflules are
weakly bound; thus, thc root fihcr ~rc:all.'~ a barrier III the "tnrl'll hydroly"is if whole
cassava rool.s are used. Rupttlrc or the lignocellulosic components ensurcs reduction
in the slurry viscosity uno I~ss energy in cooking, facililating starch hydrt)lysis. This
fiber removal can be aCl;ompli~hcLi through biological prcfrc:atmCJlI with the cclluloly·
lic.: T1Jcrml)~1(:ti1JotlJyt.:c..·s \-iridal'. RccctH worl.. by Menezcs et al. 1'/ dcmonstratcd that
fungal broths of a 8asidiomycclc and T. viridnc incrcascd both the ratc of sugar for·
malion and degree of .solubilization, wilh subsequent decrease in slurry viscosity.

In discussion of other potclllially useful agricultural wa~ICS, Ihe disrosal of whey, a
by·produCl of cheese manu~acture, has bccome a serious polhniun prohlcm in many
area~. In 1974, some 32.5 billion lb or whey werc product.:d. \>111.: half of which was
dispost.:J of as waste ..IU This biolog.ical rC:-iiduc reprcscnls some 1.0 million Ib of lac!O~c,

which can be utilized as:1 fermcntation resource.
O'Leary and co·workers.lI.H have recently reponcd alcoholic fermcntation~ of a

laclase-hydrolyzed ac.:id whey permeale (4.0 to 4.5070 laclose) r.:ot1lainillg .10 III 35°'/0
lutal solids. Fc:rl1lCl1t;llions were COlluuclCU for 13 uays with SilccJwrom.\·n's t.·I.'rcl'isiile
and KJu.",Teromyl..'cs {rugiU.... with maximal yields of 6.5 and 4.5 u,o ethanol. rcspcl:tively.
Although S. cerevisiac.' conVert cd the availahle glllc:o~e rrcsclH in Ihc la\,.'t:lsc-
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hydrolyzed whey permeates to alcohol, the galactose generated was not utilized by the
organism. f\..tore efficient means and/or organisms will be required [0 utilizc the gal·
actose and glucose to alcohol.

Roland and Aim" reported that hydrolyzed whey permeate syrups fortified with an
N source could be fermented to a 12.5"70 vlv alcohol beverage with a cullure of S.
cerevisiae var. eflipsoideus. Fermentations were conducted. with i~tcrval feedings of
hydrolyzed whey permeate syrups reaching maximum alcohol in 6 days. Galactose uti
lization by the yeasts was not measured; however. residual reducing sugar~ in the wines
varied from 0_2 to 4.3"70. In summation, a wide variability may exist between the fer
mentation capacity of S. cerevisiaestrains to utilize galactose.

The most thoroughly studied process for producing ethanol from biomass is enzy
matic conversion of agricultural waste to soluble sugars and subsequent fermentation
to ethanol by yeast. Wilke et al .... · .. and Cysew,ki allll Wilke" "ave provided some
preliminary economic evaluations on various principal COSt elements. The distribution
of costS associated with ethanol production (exclusive of raw material costS) from
newsprint and wheat straw by this process is discussed. The major costS of sacl..:hariri·
cation dominate, because the fermentor capacity required to produce sufficient quan
tities of fungal cellulase is 30 to 40 times that required to ferment the re~ulting sugar:o:>.

Su and PaulaviciusJft have recently described volumetric production efficiencies for
alcohOl production by fermentation from newsprint, wheat snaw, anll l1lula~ses. This
efficiency in grams per liter per hour is significantly lower than the conventional mo
lasses fermentation by yeast and is reflected in the conversion l:OSI estimates.

llrook!i and co-workers, U have rCl.:cnlly COIuluctcu an Ct.:~llh)ll1k viabililY "tully tl( a
process for direct ethanol production from pretreated hardwood chips. These estimates
are based upon similarities to the ethanol process from molasses. I? Cost estimatcs are
based upon a 25 million gal/year-95"7. ethanol plant from hardwooll chips. The first
stage involves a high temperature chemical pretreatment followed by a second stage
direct fermentation to ethanol. The assumed yield of ethanol was based only on thc
conversion of the cellulose fraction of the pretreated wood. The conversion of the
hemiceliulose fraction ('\,,20"7. of raw material) to ethanol would enhance the overall
conversion yield. Utilization of a continuous fermentation process WiTh cell recycle
would provide a means of reducing associated cOSts.

Any conceptual process for saccharification to produce reducing sugars will require
feeding of cellulose at high concentrations. Concentrated cellulose slurries arc highly
viscous and are difficult to pump and stir in conventional agitated fcrmentors. The
mcchanical properties of cellulose have been exploited by Wang and co-workers" with
a packed-bed fermentor with cellulose as stationary phase. The batch packed-bed fer
mentor consisted of Solka floc cellulose with Clostridium IhermocclJum with liquid
recirculation for 48 hr at 60°C. Celiulose degradation was 67 0'0. with 14 gil towl cells
adsorbed OntO the cellulose bed, compared to celi concentrations of I to 2 gil in typical
stirred tank rermentations. The packed~bed technique may well serve as an excellent
cell collector where cell recycle can be achieved and high suhstrate and product concen·
trations can be attained. Balch packed-bed fermentation by C. thermoL'cllllm of Solka
floc yielded 8 gil reducing sugar, 2.2 gil ethanol, and 2.4 gil acetic acid.

Recent experiments by Kierstan and Bucke'o on immobilized cell technology for al
cohol production have been reported with lwo yeasts. Immobilized treated whole cell
preparations have been used primarily in single·step reactions. in particular, in isomer·
ization of glucase. Ethanol production from glucose solutions by an immobilized prep
aration of S. ccrcvisiac was demonstrated over a total of 23 days, with cell half-life of
approximately 10 days. The yeast cells were immobilized in calcium alginate gels.
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B, Ac~tone-[lulanol-Isopr()panol
Clostridium acecobuty!icum historically has been the major organism lIsed for the

prouuction of acetone and butanol from starch materials. This !'crmen/arion hecame
known as the Weizmunn process durin!! World War l. IkC;\Wil' or lhc indllSlrial Impor
tance of these compounds. it has been studied in greater detail ,han olher c!nstriJi:J1
fermentations. The first Slage of the fermentation is esscnlially butyric and al.:cric acid
accumulation. yielding a pH drop 104.5. with a second stag~ utilization of thc acids
to butanol and acetone with concomitant rise in pH. The butanol is formed by the
reduction of butyric acid or butyryl-eoA to the alcohol. Minor quamities of ethanol
are produced also in this fermentation.

Clostridium bueylicum is an isopropanol type fermentation. The products of this
type of clostridial fermentation are similar to acetone-butanol fermentation. except
that the acetone is reduced to isopropanoL The extra reduction step normally results
in a decreasc in the amoum of 1-1, produccd during the fermcmalion. Significant quan
tities 'l of acetone and butanol have been produced in [he last 10 years in countrj~s

such as South Africa, where cheap fermentable biomass is available. but not in fossil
fu~1 dependenl countries.

Renewed interest in these fermentations has developed in the area of cellulosic waste
conversion to butanol and other oil sparing solvents and chemicals. Recent studies·'
on biological production of organic solvents from cclllllosk~ involve eon version uf
animal feedlot residues to liquid fuels. The process plan involves an alkali pretreatment
of cattle feedlot residues followed by addition of a high temperature fungus. Ther
moaceinomyces sp.• for c~lIulase production. The third st~p involves cellulase hydro
lysis of the bulk residue with subsequcnt fermentation of the sugar syrup by C. aceto
butyJicum. Preliminary cconomic evaluation indicates that, with present knowledge,
butanol can be produced for JUSt over 30c/lb. which is comparable to ethylene based
butanol.

Wang and co~workersJ I U have recently described significant new n:.'\carch datu
based upon the C. acc.'robulylil-·um fermentation. Experiments wilh a corn meal me
dium with various strains huvc bccn initiutcd and give every imlkution that there are
strains capable of producing mi,xcd solvenrs ncar theorclkal nlllximum yields, i.e., 1.05
and 2.26 g/l for acetone and N-buranol. respectively.

c. 2.3-Butanediol (2.3-Butylene Glycol)
A number of facultative anaerobcs are characterized by their ability to produce 2.3·

butanediol (commonly called 2.3-butylene glycol). In general. 2.3-butanediol. pro
duced by species of Klebsiella, Bacillus, and Serraeia is a major fcrmentation product;
however, in the presence of air, the oxidation product acctylrnethyl carbinol is formed
instead. Butanediol is important industrially as a potcmial raw material for synthetic
rubber and was heavily investigated during World War 11.

In the butanediol fermentation, glucose is broken down [0 pyruvic acid, which is
further metabolized to butanediol. Although the major amounts of butanediol are
produced by bacterin, yeasls form minor amounts of btllaJ1~tjjol.·J Uneil/us subtilis,
Aeroba~'ler aerogenes. and Serratia marcescens produce significant quantities of buta
nediol from acid hydrolyzed starch." some 35 Ib butanediol/IOO Ib ·starch. Early in
vestigations by Perlman u involvc:d lhe production of 2.J-bucancdilll from add hydrol
yzales of hard and soft woods. Aerobacter aerogenes fermentations yielded from 24
to 30"10 butanediol depending upon the typ~ of wood utilized.

D. Propionic Acid
Propionic acid is a major cnd-product of glucose fermentation in Propionibal.:ler;Um
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species, occurring also with at:ctic acid and COl' The fcrmclll.lIioll involves [he n:t1ul:·
lion of two pyruvic add molecules to propionic aeill, with the oxidation of a third
molecule to acetic acid and CO,.

Rct;l:nt research has been ~OI1(jlH;ICd on the hiuconvcrsion of prnpionil; acid 10 ncrylit:
acid by Clostridium propionicum from renewable reSOlIn:t:s. U ~., Acrylic add is a high
volume industrial chemical in high demand (approximately I billion Ibiyear). Two
anaerobic organisms. Pcproscreptococcus elsdenii and Clostridium rropionicum. ac·
cumulate this acid as an intermediate. In C. propionh.:um, lactate is I.:onverted to at.>
rylate, then to propionate via activated CoA thio esters. In resting cells of C. propion
icum. propionate is oxidized to acrylate in the presence of an electron acceptor such
as 0, or methylene blue. Acrylate production is stimulatcd by sodium lactatc. Conccn
trations of acrylic acid in eXCess of 4 mMhave been achieved with resting cells.

E. Glycerol-Succinic Acid
Gura"} discusses in detail the formation of glycerol and succinate by- yeasts. The

formation of glycerol appears La be nonphysiologkal. J.n.d quite useless fur the yeast
cell that obtains neither encrgy nor building units frolll il.·· Dllring the fcrmentation
of glucose by yeast at pH 6 or below, only small amounts of glycerol arc forllled.
Addition of sulfite to the medium increased glycerol production severalfold. This rer~

mentation is known as the Neuberg 2nd and 3rd forms, in which glycerol accumulates
in the fermentation. Two oxidation steps arc invulvcLl in g(y~crul formation from glu
cose, and the redox balance will be achieved by the formation of two units of glycerol.
Apparently, there is a direct correlation between redox balance of the cell and the
formation of glycerol. When yeasls metabolize gluctlsC lIIH.lt:r aerobic conditions, 110
superfluous glycerol is formed. Under these circumstances, the respiratory chain is
functioning and transfers electrons to O} with no excess of NAUH 1 •

Two mechanisms have been proposed for the formation of '\ll(l,:imllc in yeasl d\lrin~

anaerobic fermentations. One is formation via the normal oxidative mechanism of the
TeA cycle~ and the other is via a reductive pathway with malate and fumarate as
intermediates. 41

...
11

The formation of succinate is considerably lower during anaerobic growth than dur
ing fermentation, and the physiological state of the cell is different in these twO cases.
The level of energy-rich ~ucleotides during growth is low. whereas the energy charge
increases strongly during yeast fermentation. The activity of many anabolic ATP de
pendent enzymes is modified by the energy charge of the cell. such as pyruvate carbox
ylase." When energy charge is high (during fermentation), pyruvate is matabolized to
oxalacelate via an activated pyruvate carboxylase. and the TeA I.:yclc will function
actively. The cycle intermediates accumulate as succinate and are excreted into the
medium.

Therefore. since fermcntation leads to an elcvatcd cnergy chargc in the cell (pyru
vate·carboxylase activation), formation of succinate occurs and an excess of reduced
respiratory nUcleotides. This excessive NADH I is oxidized in the formation of glycerol,
yielding a balance in the redox statc of the cell.

F. Acetic Acid
Although numerous organisms arc capahle of a nonphosphorylntive ~lucose oxida

tion to acetic acids, recent findings with some anaerobic.: organisms have stimulated
interest in acetic acid production. The anaerobic cellUlolytic rumen bacterium Rumi
nococclIS (lavernciens normally produces succinic acid as a major fermentation prnd
uct with acetic and formic acids, HI and COl. When grown on cellulose anu in the
presence of the methanogenic rumen bacterium Methanobacterium ruminanlium. ace~
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talc was the majur fCrll1l.:ntatloll prouuct. l"hi:-. lyre or intaaClion may be of si~nifiw

cancc in JClcrmining the f1uw ur I.:cllulu.sL' carbon 10 the normal rumen fermentation
products.

Bakh ct al.\tI rccclllly dC~l.:rihctl ~ Ilt;W g.ellus I.lf fastidiously anaerobic hacteria that
produce a homoacctic :Jdd fermentatioll. The lype species. A,:c(ob.1CfcriUI11 wovJii.

ferments fructose, glucose. lactate, glYl.:cratc, and formate. Hydrogen is oxidized and
COl is redllcctl to acetic ncid. St.:hoht:r1h~' has dcmonslralcu Ihe [ormation ni acetate
by cell t:xtracts of A,:ecobat.."ct?rillllJ H'Qadii.

Wang and co-workers u have recently reponed studies on C'thanol and acetil: acid
production by the cellulolytic anaerobe. Clostridium th~rmot."t.'1IlIm.on ccllulo"k bio
mass. Experiments were conducted in cellulosc packed· bed fcrmemors. Cellulose deg
radation was 67%, with a yield of 2.4 gil acelic acid from 110 gil cellulose.

Brooks and co~workersn have described a mixed culture fermentation of cellulose
(tltkrocrystallinc) al 55 Q C lhal yieldcd acclic acid as Ihc major organic chemical pro
duced, plus ethanol, 2,3-bulanediol, and CO,. This group has also 'ludied a conlinu·
ous fermentation of a thermophilk BadJll1s that produced ethanol and acetic acid at
various dilution rates.

G, Fumaric Acid
Fumari~ arid is nnH.lut:l.:'d Pi iill..:ip.dly by tht: h:rIllCIH;\lit.JIl of gltu..:ose or Illolassc....

with species of the genus RhizofJus. Rhodt:s cl :.II. \1 reported fumark adtl yiclJs \}f 60
to 70070 in J to 8 days in shaken flask~ ~onlaining 10 to 16070 gJul.:'ose or 'iu('rose, or
the partially inverted sucrose of molasses. Although fumaric can be proJu~ct.l in high
yields by fermentation, it is produced commercially as a by-product in the manul'al.:ture
of phthalic and malic anhydrides or hy isomerization of math.: at:id with heat and ~a

talysL A number of chemicals 'can be flroduced from fumaric acid, including l1lulit:
acid, coumark acid, and maleic.: anhyJride.

H. Citric Acid
The manufaclure of citric acid is cont.luct~d flreSen!ly by fermentution of "'lIgar~..:nn

raining material by mkroorganisms of Ihe :-'flt:dcs A.'ifJt'Q!il/u.'i fJigt.·r, BOlh 'illrfal:c amJ
submerged fermentation have been utilized for rroduction uf 70 kg of dtriL' add/IOD
kg of :)ugar COl\lcnt of fU\'" material (usually 111OIas.scs).

Usami and FukutomiH recently rcrortctl on a citric adLl solid fermentation by A.
niger. sugar cane molasses. and pincapple molasses, After J days. 50 to 60°,'0 dtric
acid yield per equivalelll slIg;u was available,

Hang et al.!-ol reported upon the production of citric acid by A. {ocliJus from srent
grain liquor. a brewery waste. The yields of citric add varied from ),5 to 1':'.3 g/l of
the waste fermented. Methanol ~Hjuition (2. 104010) markedly inl.:n:;1scu the iormmion
of citric acid from wastes.

The citric acid-producing iungi can thus be utilized not only for organic chemit::aJ
production but also for convening the BOD of brewery wastes into fungal protein.

l. Lactic Acid
Wastes from the pulp. paper, and fiberboard industries contain t:onsidcrable '\ugar

polymers, anti Ihus prcsent a high BOD t\l I'cl:civing Waters. Cirirrith ~I\ti ('omparc-\\
describe a fixed-film system for t:onrinuous lactic acid produl.:tion from waste waters.
Lactic acid yield is in excess of 50070, rhe carbohydrate is a .... ailable and rC3uily re~

covered. The fixed-film unit (Z in. x 6 ft) was seeded with lat.:tobacilli anti [:.lc!ose
fermenting yeasts (kefir t:ulturc). Th~ woou molasses substrare was pretreated with
cellulases, a diastase, and hemi~ellulascs, \\'irh a feed rate of 60 g/l wood mnlasses,
31 to 32 g/llnctic acid yields were llhtaillCU,
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The production of calcium lactate from mola:-iscs by Lac{ohac:illus delhrucckii was
studied hy Tcwari and Vyas'~'" using Jirrcrclll growlh faclor:-; (rom moong sPflHHS and
various oil seed cakes. Maximum conversion of molasses plus 5070 moong sprouts was
achieved within 7 days at 50°e.

J. Malic Acid
Pichia membranaefaciens is capable. of convening fumaric acid to L-malic acid. In

a recent report, Takao and HoHa" describe malic acid yields as high as RO·'. or l1lore.
based on initial glucose when Rhizapus arrhizus (fumaric acid production) was grown
2 to 3 days and then associated with Proteus vulgaris. Malic acid formation also oc~

curred when R. arrhizuswas grown in mixed culture.

K. Methanol
Methanol occurs in nature as a breakdown product during microbial decomposition

of plant materials and as a metabolite of methane-utilizing bacteria during growth
upon methane or natural gas. Foo.s8 recently reviewed some of the basic considerations
in search of microorganisms with potential for microbial production of methanol. No
attempt will be made to discuss the voluminous literature relative to the microbial
production of methanol.

Since petroleum feedstocks are no longer cheap (as in the early 1950s), production
of liquid fuels via fermentation has gained wide attention. especially alcohol fuels. In
recent years. methanol has become a potentially important carbon source for the pro
duction of SCP, enzymes, and amino acids." Methanol is also a potential fuel for
internal combustion engines. since it possesses cleaner burning properties and rroducc~

less pollulion than hydrocarbon fuels. A large volume of methanol is used as a solvent
and as an intermediate in chemical manufacture.

Methanol can be produced by the destructive distillation of wood: however, most
methanol is derived from carbon monoxide with hydrogen reaction. ,. In nature. meth
anol arises from the breakdown of methyl esters and/or ethers from decomposition
of pectin-like plant materials. Very little is known about the microorganisms that pro
duce methanol during l!ccomposilion of organic material: huwever, numcrous.rcvicws
are available. 61

.tt1

Methanol inhibition. and the energy and reducing power requirements of methane
oxidation present major problems to the c:<crction of excess mefhanol hy microorg:t~

nisms, Only small amounts of methanol are excreted by the cell biomass yields of
methanol-utilizers in mixed culture studies.6.l.U Greater tolerance is needed to improve
yields of methanol and further productivity under possibly elevated pressure. Gre'ller
numbers of methane-utilizers will have to be isolated and tested in order to find those
more suited to methanol excretion.
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